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We report on the demonstration and characterization of a silicon optical resonator for laser frequency
stabilization, operating in the deep cryogenic regime at temperatures as low as 1.5 K. Robust operation
was achieved, with absolute frequency drift less than 20 Hz over 1 hour. This stability allowed sensitive
measurements of the resonator thermal expansion coefficient (α). We found α = 4.6× 10−13 K−1 at 1.6 K. At
16.8 K α vanishes, with a derivative equal to −6× 10−10 K−2. The temperature of the resonator was stabilized
to a level below 10 µK for averaging times longer than 20 s. The sensitivity of the resonator frequency to
a variation of the laser power was also studied. The corresponding sensitivities, and the expected Brownian
noise indicate that this system should enable frequency stabilization of lasers at the low-10−17 level. c© 2014
Optical Society of America
OCIS codes: 120.3940, 120.4800, 140.3425, 140.4780.
Optical resonators with low sensitivity to temperature
and mechanical forces are of significant importance for
precision measurements in the optical and microwave fre-
quency domain. In the optical domain, they serve to sta-
bilize the frequencies of lasers for spectroscopic applica-
tions, notably for optical atomic clocks, and for prob-
ing fundamental physics issues such as the properties
of space-time. Also, by conversion of ultrastable optical
frequencies to the radio-frequency domain via an opti-
cal frequency comb, radio-frequency sources with ultra-
low phase noise can be realized [1], leading to e.g. radar
measurements with improved sensitivity.
The conventional approach for ultra-stable optical res-
onators is the use of ULE (ultra-low expansion glass)
material, operated at temperatures near room tempera-
ture, where the coefficient of thermal expansion (CTE)
exhibits a zero crossing. While ULE resonators with
optimized designs (long length, acceleration-insensitive
shape) have reached impressive performance [2], their
operating temperature near 300 K necessarily leads to
a level of Brownian length fluctuations which imposes
a fundamental limit to the achievable frequency stabil-
ity [3], [4]. Cryogenic operation of a resonator provides
one avenue towards reduction of these fluctuations. The
Allan deviation of length fluctuations decreases propor-
tional to
√
T [3], if the mechanical dissipation of the res-
onator elements, in particular of the mirror coatings, is
independent of temperature. Measurements performed
thus far indicate that the dissipation of mirrors with
crystalline substrates at cryogenic temperature are in-
deed similar to those of fused silica mirrors at room
temperature [5], [6]. Nowadays, robust cryogenic solu-
tions exist for continuous operation of even fairly large
objects, such as optical resonators, at temperatures as
low as 0.1 K. This offers the possibility of reduction of
resonator length fluctuations by more than one order
of magnitude compared to today’s lowest levels realized
at room temperature, with a corresponding reduction in
frequency instability of the laser stabilized to the res-
onator. A second outstanding feature of crystalline cryo-
genic optical resonators is the absence of length drift
thanks to the near-perfect lattice structure.
Cryogenic optical resonators made of single-crystal
sapphire have been developed early on [7] and operated
at temperatures as low as 1.4 K [8]. Extremely small
thermal expansion [7] and long-term drift were achieved
[9]. Such resonators have been applied for tests of Lorentz
invariance [10], local position invariance [11] and quan-
tum space-time fluctuations [12]. Silicon, a machinable
optical material available with high purity and large size,
having interesting CTE properties [13], high stiffness and
low mechanical dissipation [14], has first been used for
an optical reference resonator by Richard and Hamil-
ton [15]. Recently, Kessler et al. [16] developed a laser
frequency stabilization system based on a vertically sup-
ported silicon resonator operated at a temperature of
zero CTE, 124 K, and achieved a high frequency stabil-
ity (1×10−16), less than 40 mHz laser linewidth, and an
extremely low long-term drift.
In this work, we present the first silicon optical res-
onator for absolute laser frequency stabilization operated
at cryogenic temperature and discuss its thermal prop-
erties. We find that they are compatible with the goal of
achieving frequency instability at the 2× 10−17 level.
Our silicon resonator consists of a cylindrical spacer
of 250 mm length, 70 mm diameter and 15 mm diame-
ter central hole. One mirror is flat, while the other has
1 m curvature radius. Spacer and mirror substrates were
manufactured from a dislocation-free float-zone silicon
crystal with [110] orientation along the cylinder axis.
The substrates and spacer faces were super-polished to a
residual surface roughness less than 0.1 nm. The mirror
substrates were coated with a high-reflectivity coating
for 1.5 µm, and optically contacted to the spacer with the
same orientation as in the spacer crystal. By evaluation
of a ring-down of the laser power transmitted through
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the resonator at 1.5 K, the finesse and the linewidth of
the resonator were determined to be 2× 105 and 3 kHz,
respectively. The coupling efficiency into the resonator is
15%.
A special structure for horizontal support of the res-
onator was implemented (see Fig. 1). It was designed for
small acceleration sensitivity of the resonator’s length
and small stress imposed by the different CTE of res-
onator and supporting structure, and for blocking ther-
mal radiation entering the cryostat through the optical
window. The design is based on the concept developed
in Ref. [17]. The resonator is attached to a copper frame
by ten 1 mm diameter stainless steel wires. Their posi-
tion was optimized by the finite-element method (FEM,
Comsol) in order to minimize acceleration sensitivity
along the three axes. The estimated sensitivities are
3× 10−10/g and 3× 10−11/g along the resonator optical
axis and perpendicular to it, respectively. We also sim-
ulated the influence of the supporting structure on the
CTE of the resonator. It is a function of temperature,
due to the temperature dependence of the CTE of both
the resonator and the frame. The results indicate negli-
gible dependence of the CTE of the resonator (αreson)
on a change in frame temperature at temperatures below
16.8 K. The CTE zero crossing points at 17 K and 124 K
are shifted by 2 mK and 10 mK, respectively, due to the
contribution from the frame.
Fig. 1. Schematic of the copper support structure (yel-
low) with mounted silicon resonator (grey).
The frame was rigidly attached to an optical bread-
board inside a cryostat. A 1.5 µm fiber laser was coupled
to the resonator through an optical window. The fre-
quency was stabilized to a TEM00 mode of the resonator
using the Pound-Drewer-Hall (PDH) technique [18], with
a standard optical scheme and using a waveguide phase
modulator. The laser power circulating inside the res-
onator was stabilized by detection of the light transmit-
ted through the resonator and applying a feedback signal
to an acousto-optical modulator in the optical setup.
The resonator unit was installed inside a low-
vibration, two-stage pulse tube cooler cryostat with
Joule-Thomson stage. It allowed a lowest operating tem-
perature of 1.4 K and a cooling power of 20 mW. Two
calibrated Cernox sensors (inaccuracy less than 10 mK
at temperatures below 30 K) were available for control-
ling and/or monitoring the temperature of the support-
ing breadboard and of the resonator. One sensor was at-
tached to the center of the breadboard, while the other
was attached to the upper central part of the resonator.
An AC resistance bridge was used to read out the tem-
perature sensors. A resistance heater installed on the
center of the breadboard was used for setting and main-
taining a desired operating temperature. When the tem-
perature of resonator was stabilized by controlling the
resistance of the resonator sensor, the measured insta-
bility at the sensor location was 3.6× 10−5 K at τ = 1 s
averaging time, dropping as 3.6×10−5K/(τ/1s)1/2 for τ
up to 104 s. We estimate that the temperature instabil-
ity of the average temperature of the resonator is within
a moderate factor of the above number, since the very
high thermal diffusivity of silicon at cryogenic tempera-
ture allows for a rapid thermal equilibration within the
resonator. The AC bridge electronics contributes a speci-
fied systematic error of 1.7×10−5 K per degree variation
of the ambient temperature. Thus, in a laboratory sta-
bilized to 0.5 K, the resonator temperature systematic
shift is less than 1× 10−5K.
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Fig. 2. a) Time trace averaged over 60 s of a typical
resonator frequency measurement relative to a hydrogen
maser, b) corresponding Allan deviation.
Measurements of the absolute optical resonator fre-
quency were done by measuring the frequency of the laser
2
stabilized to it with respect to a hydrogen maser, using a
commercial erbium-doped fiber laser frequency comb. A
comb mode near 1064 nm was phase-locked to a 1064 nm
optical reference having 2× 10−15 short-term frequency
instability. This reduced significantly the linewidth of
comb modes in the 1.5 µm spectral range and permitted
achieving a beat note between the Si-resonator-stabilized
laser and the comb with a linewidth as low as 1.7 kHz.
The laser light was sent from the laser to the comb via
a 150 m long fiber. A typical resonator frequency time
trace and the corresponding instability, with all parame-
ters including resonator temperature held constant, is
depicted in Fig. 2. For integration times longer than
1000 s the frequency instability was approximately 3 Hz
(2× 10−14). The contributions to this instability will be
subject of future investigations.
Given this level of absolute frequency instability and
the good resolution of the temperature sensors, the res-
onator’s thermal expansion coefficient could be accu-
rately measured. The measurements were done either by
heating the resonator or by letting it cool down to 1.5 K
after heating it up to a desired temperature. The rate of
temperature change was approximately 1.5 K/h at tem-
peratures above 1.8 K and much lower for temperatures
below 1.8 K, where it was limited by the cooling capacity
of the cryostat. No significant discrepancies were found
between the two measurement procedures.
The temperature dependence of the resonator fre-
quency is presented in Fig. 3. The total change in fre-
quency from 1.5 K to 23.8 K is 6 MHz, with most of the
shift occurring in the region above 20 K. A minimum
of the frequency occurs at Tα=0 = 16.81 K with nega-
tive frequency derivative df/dT (length expansion) be-
low this temperature and positive (length contraction)
above it [19]. Between 1.6 K and 2 K the shift in fre-
quency is only 100 Hz (5× 10−13).
Whereas the CTE of an insulating crystal at low tem-
peratures is expected to be positive and proportional
to T 3 [13], in the case of silicon its thermal expansion
behaviour (expansion turns into contraction between
16.8 K and 124 K) necessarily implies that such a depen-
dence can accurately hold only for T → 0. The value pre-
dicted from compressibility and heat capacity measure-
ments is αSi = 4.8×10−13K−1(T/K)3 [13]. As displayed
in Fig. 3, a pure T 3 dependence does not fit the data well.
Therefore, the data were fitted with a function contain-
ing additional terms. At the lowest temperatures, we find
αreson(T → 0) = (1.1T 3 − 7.8T 4 + 8.4T 5) × 10−13K−1,
where T is the temperature in Kelvin. Our measured
αreson is thus lower then the predicted value for bulk
silicon at temperatures below 3 K. At 1.6 K, the value
is αreson = 4.6× 10−13/K.
The frequency data around the frequency minimum at
Tα=0 = 16.8K were accurately fitted by a fourth-order
polynomial from which we obtain the resonator expan-
sion coefficient αreson(T ≃ Tα=0) =
∑2
n=0 Bn(T/K)
n
with Bn = (37× 10−9, −4.94× 10−9, 1.64× 10−10)K−1.
The complete dataset from 1.6 K to 23.8 K was fit-
a)
b)
Fig. 3. Temperature dependence of the silicon resonator
frequency in two temperature intervals. a) Interval 1.5 K
to 3 K, with fit results in the legend and correspond-
ing expansion coefficient αreson calculated from the sec-
ond fit in the legend. b) Interval from 1.5 K to 23.8 K
with a polynomial fit and calculated expansion coeffi-
cient αreson. The inset in b) shows a zoom of the interval
where the CTE crosses zero.
ted with a ninth-order polynomial (Fig. 3b), from
which we obtain the resonator thermal expansion co-
efficient αreson(T ) shown in Fig. 3 b). It is given
by αreson(T ) =
∑
8
n=0 An(T/K)
n, with An = (−9 ×
10−22, 4×10−20, −7×10−19, 2×10−17, −3×10−16, 2×
10−15, −1× 10−14, 3× 10−14, −2× 10−14)K−1.
To our knowledge, only two measurements of ther-
mal expansion of silicon at cryogenic temperature, down
to 12 K and 6 K [13] were performed previously. How-
ever, due to the difficulty of measuring the correspond-
ing small CTEs, accurate CTE values were only given
above 13 K [13], where they are larger than 1× 10−9/K.
Our value of Tαreson=0 = 16.8K is similar, but not
identical to that of Ref. [13], where 17.8 K was meas-
ured. Our expansivity temperature derivative at 16.8 K
is dαreson(Tαreson=0)/dT = −6.0 × 10−10/K2, which is
comparable to −8.9 × 10−10/K2 at 17.8 K in Ref. [13].
This expansivity derivative at 16.8 K is nearly a factor
20 smaller than the one at the second zero-CTE tem-
perature 124.2 K, 1.7 × 10−8/K2 [16]. This means that
16.8 K could also be a candidate operating temperature,
with the advantage of less temperature sensitivity, pos-
sibly smaller thermal noise, as compared to 124 K, and
less stringent requirements on cryostat construction. As
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mentioned above, the mirror coating dissipation at this
temperature is similar to the room-temperature values
for conventional mirror substrates.
With an estimated upper limit of 1×10−4 K resonator
temperature instability at 1 s (discussed above) and
the measured thermal expansion αreson(T = 1.6K) =
4.6× 10−13K−1, the corresponding fractional frequency
instability is about 5×10−17 at 1 s and drops to 1×10−17
at τ = 30 s. The fractional frequency shift error due
to AC bridge systematics is expected to be less than
1× 10−17.
Fluctuations of the laser power incident on the res-
onator introduce changes in the power dissipated on the
resonator mirrors and result in unwanted fluctuations in
resonator length due to the thermal expansion of the
mirrors and of the spacer. We measured the resonator
frequency change caused by a varying level of intra-
resonator power at two different operating temperatures.
We could not observe any effect, setting an upper limit
of 20 Hz change for a 30% power change, both at 1.6 K
and at 16.8 K. This upper limit corresponds to approxi-
mately 3× 10−14/µW.
Because of the absence of measurable effect, we also
simulated the effect of laser heating using FEM and
found a 1.4 fm mirror distance change for 10 µW power
dissipated on each mirror at 1.5 K, i.e. a fractional res-
onator frequency change of 3 × 10−16/µW total dissi-
pated power. The simulation also shows that thermal
equilibrium of the heated mirrors and the spacer is
reached with a time constant of approximately 1 s in
case of good thermal contact with the breadboard. For
our experiment, the power level dissipated in the res-
onator is estimated as 1.5 µW. If the transmitted laser
power is actively stabilized to 1% or better, a level that
is expected to be well feasible using an advanced pho-
todetector, the corresponding fractional frequency fluc-
tuations would be 5× 10−18 or less.
In summary, we demonstrated a silicon optical res-
onator for laser frequency stabilization that can be op-
erated at temperatures between 1.5 K and 24 K and in-
vestigated its thermal properties. Stable, long-term op-
eration was achieved at temperature as low as 1.4 K.
The support structure for the resonator allows to take
advantage of the low CTE of bulk silicon. The thermal
expansion measurement was performed both at the low-
est absolute temperature and with the highest sensitivity
for a silicon object so far. The influence of finite thermal
expansion coefficient and residual temperature instabil-
ity on the cavity frequency was determined to be at the
5× 10−17 fractional level and below, depending on aver-
aging time. The sensitivity to changes in circulating laser
power is expected to be controllable to the level better
than 1× 10−17 using an appropriate power stabilization
unit. For this resonator, at the temperature 1.6 K, the
expected total Brownian noise-induced frequency insta-
bility is calculated to be 6 × 10−18, assuming a coating
loss angle ϕ = 1 mrad, as determined for silicon mirrors
at 20 K in Ref. [6].
We conclude that the thermal properties of the de-
scribed system should allow to stabilize the frequency of
a laser to an instability of less than 2×10−17 for integra-
tion times larger than 30 s, taking into account that the
instability arising from the laser frequency locking sys-
tem itself can be reduced to the level of 1× 10−17 [20].
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